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a b s t r a c t

This paper examines the effectiveness of 10 additives toward improving SO2 sorption capacities (SSC) of
rice husk ash (RHA)/lime (CaO) sorbent. The additives examined are NaOH, CaCl2, LiCl, NaHCO3, NaBr,
BaCl2, KOH, K2HPO4, FeCl3 and MgCl2. Most of the additives tested increased the SSC of RHA/CaO sorbent,
whereby NaOH gave highest SSC (30 mg SO2/g sorbent) at optimum concentration (0.25 mol/l) compared
eywords:
orbent
ice husk ash
dditives

to other additives examined. The SSC of RHA/CaO sorbent prepared with NaOH addition was also increases
from 17.2 to 39.5 mg SO2/g sorbent as the water vapor increases from 0% RH to 80% RH. This is probably due
to the fact that most of additives tested act as deliquescent material, and its existence increases the amount
of water collected on the surface of the sorbent, which played an important role in the reaction between
the dry-type sorbent and SO2. Although most of the additives were shown to have positive effect on the
SSC of the RHA/CaO sorbent, some were found to have negative or insignificant effect. Thus, this study
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O2 sorption capacities (SSC)
lue gas demonstrates that proper

. Introduction

Acid rain and the acidification of the environment has emerged
s a serious global problem during recent decades. Sulfur diox-
de (SO2), represents 98% of the sulfur oxide pollutants generated

ainly from large-scale fossil fuel combustion, is commonly
ccepted as the most important precursor to acid rain [1,2]. The
emoval of SO2-containing gasses has received considerable atten-
ion in recent decades due to a variety of effects caused by this
ollutant. Dry sorbent injection control technologies is among the
eneral method which has been widely accepted by reason of being
imple with less equipment, lower capital and operating costs, lim-
ted secondary waste generation, and fewer problems of corrosion
nd scaling-up [3–5]. Nevertheless, acid gas sorption capacities are
enerally lower than those achieved with wet control technologies.
herefore, enhancing the sorption capacities of dry sorbent toward
O2 has been an important issue for dry-type methods applica-
ion.
There are a number of dry-type sorbents that have been con-
idered in the literature for usage in desulfurization process.
reviously, we have reported the preparation of siliceous/calcium
ry-type sorbents prepared from coal fly ash [6,7], oil palm ash [8,9]
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tion of additives can improve the SSC of RHA/CaO sorbent significantly.
© 2008 Elsevier B.V. All rights reserved.

nd rice husk ash [10]. It was found that, those prepared sorbent
ave higher SO2 sorption capacity (SSC) relating to higher surface
reas due to the fact that coal fly ash, oil palm ash and rice husk
sh are a pozzolanic material (mainly consist of SiO2/Al2O3). These
ozzolanic materials can react with Ca-based in the presence of
ater to form calcium silicate hydrates (near-amorphous/poorly

rystallized compounds) which have a very high surface area.
part from that, the structural properties and sorption capacities of

hese types of sorbents are also affected by siliceous material/Ca-
ased ratio and the hydration conditions. Among those sorbents
repared, rice husk ash (RHA)/CaO sorbent shows highest SSC.
owever, our recent study on RHA/CaO sorbent [11] revealed that
igher SSC did not show any correlation with specific surface area.
n the other hand, many studies indicate that relative humid-

ty has the greatest impact on the SSC of dry Ca-based sorbents
t low temperature [12–17]. The relative humidity is consecu-
ively connected to moisture content of the solids. In addition,
ome additives have been employed to alter the moisture con-
ent on the prepared sorbent surface in equilibrium with a gas
hase of a given relative humidity [18–23]. Thus, the use of additive
ould then be expected to improve the sorbent SSC in desul-
urization processes in the way of altering the sorbent particle’s
hysical/chemical properties. Therefore, the scope of this work is
o evaluate the effectiveness of various additives in the preparation
f RHA-based sorbent for desulfurization process at low tempera-
ure.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:chrahman@eng.usm.my
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. Experimental

.1. Preparation of sorbent

The sorbents were prepared from RHA, lime (CaO) and different
ype of additives. The RHA was collected directly from Kilang Beras

Minyak Sin Guan Hup Sdn.Bhd., Nibong Tebal, Malaysia. Prior
o use, the RHA was sieved to produce less than 200 �m particle
ize. The chemical composition of RHA is 68.0% SiO2, 2.30% K2O,
.20% P2O5, 0.71% MgO, 0.59% CaO, 0.32% SO3, 0.32% Cl2O, 0.16%
l2O3, 0.40% others and 26.0% LOI (Loss On Ignition). Whereas, the
dditives examined in this investigation include NaOH, CaCl2, LiCl,
aHCO3, NaBr, BaCl2, KOH, K2HPO4, FeCl3 and MgCl2.

Sorbent was prepared by water hydration method [5]. Based on
he optimum hydration conditions reported in our previous studies
11], sorbent was prepared in 250 ml conical flask by slurrying RHA
nd CaO (at a weight ratio of 2.5) in an aqueous solution containing
he desired additive. Then the conical flask was inserted into a shak-
ng water bath at 65 ◦C with a rotating stirring rate of 150 rpm for
specified time. After that, the slurry was then filtered and dried

t 110 ◦C for 4 h. The sorbents were then pelletized, crushed and
ieved to obtain the required particle size range of 250–300 �m.

.2. Activity test for SO2 sorption (SSC) study

The SSC of the sorbents was tested in a fixed-bed reactor (0.8 cm
D) fitted in a furnace for isothermal operation. During the study,
.5 g of sorbent was filled in the center of the reactor (supported
y 0.05 g of borosilicate glass wool). Feed flue gas containing SO2
2000 ppm), NO (500 ppm), O2 (10%), water vapor (0–80%) and N2
s the balance was subsequently passed through the sorbent at a
eaction temperature of 87 ◦C. The total flow rate of the gas stream
as controlled at 150 ml/min using mass flow controllers. The con-

entration of the SO2 in the flue gas was measured using Portable
lue Gas Analyzer IMR 2800P before and after the sorption pro-
ess. The schematic diagram and details of the experimental rig
s presented in our previous study [6–8]. The SSC of the sorbent is
xpressed by the weight of SO2 captured from the flue gas per gram
orbent [19]. In this study, only the data during 100% SO2 removal
as calculated to express SSC of the sorbent.

Every experimental run was repeated at least three times to
ncrease the precision of the results, and only the average value was
eported. The reproducibility of the experimental data was found
o be sufficiently high with relative error between repeated runs
as less than 5%.

.3. Chemical and physical analysis

The chemical composition of RHA was analyzed using Rigaku
IX 3000 X-ray Fluorescence (XRF) spectrometer. The scanning
lectron microscopy (SEM) examinations were performed with Leo
upra 35 VP Scanning Electron Microscope. X-ray diffraction (XRD)
pectrum was recorded on a Siemens D5000 X-ray diffractome-
er to determine the phases present in the sorbent in the range
f diffraction angle (2�) 10–70◦ at a sweep rate of 1◦/min. The
ourier transform infrared (FTIR) spectrum was carried out on a
erkinElmer FTIR 2000 spectrometer over the frequency range of
000–400 cm−1.

. Results and discussion
.1. Effect of different type of additives

Fig. 1 shows the effect of different type of additives used in the
reparation of RHA/CaO sorbent. With an additives concentration

t
s
i
f
l

ig. 1. Effect of various additives on SSC of RHA-based sorbent during 100% SO2

emoval.

f 0.25 mol/l, most of the sorbents were successful in increasing
he sorption capacities of RHA/CaO sorbent toward SO2 as com-
ared to sorbent without additive. However, some of additives
o not perform well such as NaHCO3 and NaBr whereby SSC are
bout the same as sorbent prepared without additive. Apart from
hat, instead of giving negative effect on SSC of sorbent, the addi-
ion of BaCl2 does not have any beneficial effect at all. As the
oncentration of additive increase to about 0.5 mol/l, the SSC of
he sorbent prepared with the addition of CaCl2, LiCl, NaHCO3,
aCl2, K2HPO4 and FeCl3 also increases significantly. Neverthe-

ess, for some additives such as NaOH, NaBr, KOH and MgCl2, the
esults were different. At higher concentration (above 0.25 mol/l),
hese additives cause the SSC of RHA/CaO sorbent to decrease.
his result reflects that there is an optimum additive concen-
ration during the sorbent preparation that favors high sorbent
SC. From the viewpoint of additive addition to RHA/CaO sorbent
SC, NaOH gave better enhancement effect. Sorbent prepared with
aOH addition exhibited the highest SSC (30 mg SO2/g sorbent) at
ptimum concentration (0.25 mol/l) compared to other additives
xamined.

In the addition of additive to RHA/CaO sorbent, the hydroxide
f the cation plays a crucial role. The cation of additive should
e very soluble for the sorbent to be effective [24]. Apart from
hat, the beneficial effect of additive addition is supposedly due
o the presence of additive that might increase the dissolution
ate of silica from RHA. The increase in the dissolution of silica
ill ultimately increase the formation of Si–Ca complex that
as a high SSC [5–9,25]. However, the XRD pattern of sorbents
repared with the addition of NaOH (shown in Fig. 2) exhibited
ifferent results when compared with RHA/CaO sorbent without
aOH addition. Only characteristic peak of calcium carbonate

CaCO3) was detected at 2� = 29.39◦ and 39.39◦. Apart from that, a
eak peak corresponding to unreacted amorphous silica was also

bserved at 2� = 35.96◦ and 48.60◦ for sorbent prepared with NaOH.
n the other hand, more phases were detected in the sorbent
repared without the addition of additive, such as Ca2SiO4.H2O
2� = 25.16◦/27.32◦), Ca3Si2O7 (2� = 38.01◦/46.09◦/50.42◦) and
a3Al2Si3O12 (2� = 37.22◦/47.46◦/57.70◦/60◦). This result indicates
hat both sorbents prepared with NaOH contained much less of
hese Si–Ca complex phases. In addition, the reaction between

ilica and CaO during the hydration process has somehow been
nhibited by the existence of additive. This might be due to the
act that NaOH is a strong alkaline and the dissolution of CaO was
imited by the common ion effect [19].
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Fig. 2. XRD pattern of RHA/CaO sorbent with and without NaOH.

The sorbents prepared with NaOH addition was further sub-
ected to FTIR analysis to characterize specific functional group. It
as observed from Fig. 3 that there was no distinct FTIR spectrum
attern for both sorbents prepared before subjected to humidified
ue gas. The spectrums (Fig. 3a and b) showed the prepared sor-
ents were mainly composed of carbonate (CO3

2−) due to a broad
and near 1450 cm−1 and a sharp band near 875 and 712 cm−1

26,27]. A sharp vibration band approximately at 3640 cm−1 usu-
lly caused by the stretching of CaO–H [25]. The bands around
60–470 cm−1 (Si–O–Si band) and 795 cm−1 (Si–O–Si symmetric
trength) are observed for amorphous silica. However, Si–O–Si
symmetric bands which usually near 1100 cm−1 is not detected
28–32]. A broad band situated around 1050 cm−1 is assigned to
i–O–C stretch [33]. Moreover, the band around 3450 cm−1 is typ-
cally caused by hydroxyl groups or adsorbed water due to O–H
tretches. Since the sorbent was prepared from RHA, this also can
e caused by silanol groups [30,32]. In contrast, after both sor-
ents subjected to feed gas (Fig. 3c and d), the vibration peaks of
O3

2− become weaker, which indicated the amount of carbonate

ecreased. Furthermore, the products of the desulfurization reac-
ion, mainly sulfate (SO4

2−) species, is characterized by a broad
ands due to S–O stretching near 1050–1100 cm−1, S–O bending at
70 cm−1 and a single peak close to 1640 cm−1 related to hydroxyl

ig. 3. Transmittance IR spectra of prepared sorbent with (a) 0.25 mol/l NaOH; (b)
.5 mol/l NaOH; and sorbents after subjected to humidified flue gas for (c) 0.25 mol/l
aOH; (d) 0.5 mol/l NaOH addition.
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ig. 4. Effect of relative humidity on SSC of RHA-based sorbent with different type
f additives during 100% SO2 removal.

roups (O–H bending) [30,34]. The relative intensity of hydroxyl
roups displayed an obvious increase due to hygroscopic proper-
ies of prepared sorbent, which adsorb more water from humidified
ue gas and thus enhance SSC. These O–H bands also exhibited a
ifferent degree of hydration for the water molecules in the crystal

attice structure. Additionally, a slight/weak band around 970 cm−1

s detected for sulfite (SO3
2−) species [33,35].

.2. Effect of relative humidity

It was well-known that the reaction which involves SO2 and dry-
ype sorbent at low temperature proceeds under the presence of
ppreciable amount of water vapor. The effect of water vapor (rela-
ive humidity, RH) on the SSC of RHA/CaO sorbent with various type
f additive addition is shown in Fig. 4. From experimental results, it
as found that RH exerted significant influence on the sorbent SSC.
hen the reaction was carried out under dry condition (0% RH), the
aximum sorbent SSC was only found to be capable of achieving

0 min of 100% SO2 removal (SSC = 17.2 mg SO2/g sorbent), i.e. using
aOH as an additive. However, after introducing water vapor (RH)

rom humidified flue gas, most the sorbent SSC increases drasti-
ally with relative humidity. In contrast, the addition of NaBr and
2HPO4 showed only slightly increase in SSC, while NaHCO3 is the
nly additive that caused the sorbent SSC to decrease when the RH
f the activity test was increase from 50% to 80%.

In all cases, the addition of NaOH still gave the maximum
SC. The SSC of RHA/CaO sorbent prepared with NaOH addition
ncreases from 30 to 39.5 mg SO2/g sorbent as the water vapor
ncreases from 50% RH to 80% RH. The positive effect of RH on the
SC of the sorbent was due to the water adsorbed and/or collected
n the sorbent surface which played an important role in the reac-
ion between the dry-type sorbent and SO2. Furthermore, with the
resence of additives the water sorption capacities of sorbents also

ncrease since most of additives tested act as deliquescent material
i.e. highly hygroscopic substances). At the same time the Ca-based
ompound in the interior of the RHA particle become more accessi-
le to SO2. As can be seen from scanning electron micrograph (SEM)
nalysis (Fig. 5), after subjected to humidified flue gas, particle size
f the sorbents significantly increase (at the same magnification,
00×). The larger particle size of the sorbent could be due to the

gglomerating of smaller particles during the desulfurization reac-
ion. It was also observed that the particles of sorbents containing
dditive have a wet-look as compared with sorbent prepared with-
ut additive which have a dry-look and the particles are more loose.
urthermore, it has been reported by Ho et al. [14] and Liu et al. [16]
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ig. 5. SEM micrograph of RHA/CaO sorbents prepared with the addition of (a) NaO

hat the reaction of SO2 with Ca-containing sorbents at low tem-
erature requires the presence of water on the surface of sorbent
articles and the extent of reaction increases with an increasing
mount of water adsorbed.

. Conclusions

Most of the additives employed in RHA/CaO sorbent exhibit a
igher SSC than sorbent without additive. The most reactive sor-
ent for SO2 removal was prepared by slurrying RHA/CaO with
aOH. The SSC of RHA/CaO sorbent prepared with NaOH addition

ncreases from 30 to 39.5 mg SO2/g sorbent as the water vapor
ncreases from 50% RH to 80% RH. The beneficial effect of addi-
ives depends on the concentration of additive and the water vapor
relative humidity).
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KOH and (c) CaCl2 before and after subjected to humidified flue gas at 80% RH.
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